Background: Febrile neutropenia (FN) can be a life-threatening complication in children with malignancies. There is no standardized preventive treatment for childhood FN, and information on C-reactive protein (CRP) elevation in afebrile patients with neutropenia (CEAN) is limited. The aim of this study was therefore to identify the association between CEAN and FN onset, and evaluate the efficacy of broad-spectrum antibiotics for FN prophylaxis. Methods: We retrospectively reviewed the medical records of 22 consecutive pediatric patients with hematologic malignancies (acute myeloid leukemia, n = 2; acute lymphoid leukemia, n = 20) admitted to the present institution between 2006 and 2011. CEAN was defined as CRP elevation ≥0.05 mg/dL between the two most recent blood tests with no fever. We identified CEAN before FN onset, and assessed the efficacy of broad-spectrum antibiotics for FN prevention in CEAN. FN incidence within 48 h after CEAN detection was compared between prophylactic and non-prophylactic episodes.
Advancements in chemotherapy and supportive therapy have increased the survival rates for children with malignancy to 70-80%, 1 but infection remains a life-threatening complication in immunocompromised children, and frequently presents as febrile neutropenia (FN). 2 Moreover, patients who develop severe (common terminology criteria for adverse events grades 3 or 4) FN during chemotherapy frequently require dose reduction and/or delay to treatment, which can affect prognosis. 3 Antibiotics and granulocyte colony-stimulating factor (G-CSF) are widely used for the prophylaxis of FN. [4] [5] [6] [7] [8] A recent meta-analysis of randomized controlled trials reported that prophylaxis with antibiotics, particularly fluoroquinolones, reduces mortality in neutropenic patients. 4 The overuse of these agents, however, may lead to the emergence of antibiotic-resistant pathogens. It is therefore important to limit the use of antibiotics to a reasonable minimum in the prophylaxis of FN. 9 The most recent Japanese guidelines for pediatric leukemia and lymphoma recommend G-CSF when the speculative risk of FN exceeds 20%. 10 When used in the context of intensive anti-leukemic therapy, however, the short-term use of G-CSF (particularly when combined with etoposide) may increase the risk of therapy-related myeloid leukemia or myelodysplasia. 11 C-reactive protein (CRP) is an acute-phase protein produced in the liver in response to inflammation. Highly sensitive quantification methods can detect serum CRP concentration <0.3 mg/dL, the detection limit of conventional CRP assays; this enables the detection of minute levels of inflammation that conventional assays would overlook. 12 Even small elevations in serum CRP in atherosclerotic patients have been reported to be associated with increased risk of ischemic heart disease, suggesting that it may be clinically useful to monitor CRP concentration. 13 The use of high-sensitivity CRP assays was introduced at Toyohashi Municipal Hospital, Japan, in August 2006. Following the availability of these assays, we gradually initiated a strategy of antibiotic prophylaxis to prevent FN in all patients with hematologic malignancy. This was because we had frequently observed minimal CRP elevation in afebrile patients with neutropenia (hereinafter referred to as CEAN) prior to FN onset. In general, we tend to administer antibiotics to patients with more severe neutropenia or relatively higher elevation in serum CRP concentration. Although narrow-spectrum antibiotics had been used initially in some patients, many of these patients developed FN. As a result, we eventually chose only broad-spectrum antibiotics for FN prophylaxis. The implementation of this new strategy was followed by a substantial reduction in the number of FN cases, but we have yet to quantitatively evaluate the efficacy of this strategy in the prevention of FN.
The aims of this study were therefore to identify an association between CEAN and FN onset, and to evaluate the efficacy of broad-spectrum antibiotics for the prophylaxis of FN in such patients.
Methods
We retrospectively analyzed the hospital records of consecutive patients with hematologic malignancy admitted to the Department of Pediatrics, Toyohashi Municipal Hospital (Aichi, Japan) between September 2006 and December 2011. Patients who received therapy in accordance with the Japanese Pediatric Leukemia/Lymphoma Study Group or the Japan Association of Childhood Leukemia Study standard protocols were included in analysis. All patients received chemotherapy during hospitalization for approximately 6 months, depending on stratified risk level. During hospitalization, serum CRP concentration was measured at least twice a week using latex immunoagglutination assay. The study was conducted after obtaining approval from the Ethics Committee, Kyoto University Graduate School and Faculty of Medicine (E1483).
We first investigated whether CRP concentration was elevated before FN onset, and then evaluated the efficacy of broad-spectrum antibiotics as prophylactic agents for the prevention of FN in patients with elevated CRP concentration.
CEAN
This study focused on CEAN, defined as elevation in CRP concentration ≥0.05 mg/dL in the most recent and secondmost recent blood tests.
Febrile neutropenia
Febrile neutropenia was defined as at least one axillary temperature ≥38°C in association with neutropenia (absolute neutrophil count [ANC] <500 cells/lL) After confirmation of FN, blood cultures were examined and broad-spectrum antibiotics initiated immediately.
Elevation of CRP concentration before FN onset
To determine the association between CEAN episodes and FN, we analyzed all FN episodes in subjects not already receiving antibiotics; these were designated "non-prophylactic FN episodes". The proportion of CEAN episodes observed before onset of FN was evaluated in these episodes.
Prophylactic effect of broad-spectrum antibiotics
To evaluate the prophylactic effect of broad-spectrum antibiotics, we used "CEAN episode" as the unit of analysis, defined as the 48 h period after CEAN was observed. Patients would usually have one or more CEAN episodes (i.e. several units of analysis) over the 6 month hospitalization period.
We excluded CEAN episodes if they occurred in patients already been treated with antibiotics before the blood tests (e.g. for skin/soft tissue infection) and within 72 h after surgical intervention.
Broad-spectrum antibiotics had been used to prevent FN in some episodes in which the patients developed CEAN (designated "prophylactic episodes"), but these antibiotics had not been administered in other similar episodes (designated "nonprophylactic episodes"). The proportion of episodes in which the patients developed FN and bacteremia within 48 h of CEAN detection was compared between prophylactic and nonprophylactic episodes.
When a CEAN episode was identified, the patient was first observed without antibiotic treatment, and then re-examined after 24 h to determine if prophylactic antibiotics should be administered. For these episodes, a per-protocol set-like analysis was applied, in which only episodes that were in the same group (prophylactic or non-prophylactic) for 48 h after the first decision to administer broad-spectrum antibiotics (excluding episodes in which the first decision was to withhold antibiotic prophylaxis and the subsequent decision after 24 h was to administer antibiotic prophylaxis), were analyzed.
The decision to use antibiotic prophylaxis in patients with CEAN episodes was made by a pediatric hematology/oncology specialist throughout the study period.
Broad-spectrum antibiotics were defined as those that act against both Gram-positive and Gram-negative organisms (such as Pseudomonas aeruginosa); these included fourth-generation cephalosporins and carbapenems. These antibiotics were given i.v. every 6 h for both prophylaxis and therapy, and continued until the recovery of bone marrow function (ANC ≥500 cells/lL).
Confounding factors associated with FN
Larger elevation of CRP concentration (exceeding the median of the dataset: 0.2 mg/dL), ANC, and the duration of neutropenia, and clinical mucositis occurrence were identified as possible confounding factors, and information collected on these variables. Clinical mucositis was defined as physiciandocumented oral aphthae and/or abdominal pain and/or diarrhea. Severe neutropenia was defined as white blood cell count <100 cells/lL or neutropenia duration >7 days.
Adverse events of broad-spectrum antibiotic prophylaxis
To evaluate the adverse events associated with broad-spectrum antibiotic prophylaxis, we compared "prophylactic episodes" and "non-prophylactic FN episodes" (that eventually received antibiotic treatment). The events for observation were duration of antibiotic treatment, changes in antibiotics (excluding deescalation), bacteremia caused by antibiotic-resistant organisms, and incidence of infection by multidrug-resistant organisms. Decision to change antibiotics was based on the ineffectiveness of the initial antibiotic, which we considered a failure of the prophylactic or therapeutic strategy. The observation period for these events was from the start of antibiotic treatment to the recovery of bone marrow function.
Statistical analysis
All analysis was performed using STATA version 12.1 (StataCorp LP, College Station, TX, USA). Two-sided P < 0.05 was considered statistically significant.
Wilcoxon's test was used to evaluate change in CRP concentration before FN onset, defined as difference in CRP concentration between the most recent and second-most recent pre-FN blood tests. Chi-squared test was used to compare the prevalence of FN onset within 24 and 48 h of blood tests, between prophylactic episodes and non-prophylactic episodes.
Multivariate multilevel regression modeling was used to analyze the effects of antibiotic use while controlling for variation in health status, which may influence the occurrence of FN. For the evaluation of adverse events, chi-squared test was used to compare prophylactic episodes and non-prophylactic FN episodes.
Results
A total of 22 consecutive patients with hematologic malignancy (acute myeloid leukemia, n = 2; acute lymphoblastic leukemia, n = 20) admitted between September 2006 and December 2011 were included in the analysis (Table 1) . Mean patient age was 6.7 years (at admission). Within a mean hospitalization period of 174.5 days, we observed 103 CEAN episodes (median, 4 episodes per patient) and 36 nonprophylactic FN episodes (mean, 1.6 episodes per patient).
Elevation of CRP concentration before FN onset
A total of 36 non-prophylactic FN episodes were analyzed ( Table 2) . CRP concentration was significantly higher in the most recent pre-FN blood test compared with the second-most recent blood test (P < 0.01, Wilcoxon test). CEAN was observed before the development of FN in 20 (55.6%) of the 36 non-prophylactic FN episodes. Furthermore, CEAN was observed in 16 (69.6%) of the 23 non-prophylactic FN episodes for which the most recent blood test had been performed within 24 h before FN onset.
Prophylactic effect of broad-spectrum antibiotics
In total, 103 CEAN episodes were identified across 22 patients. Reassessment after 24 h of CEAN detection was performed in 11 episodes, and broad-spectrum antibiotic prophylaxis was initiated in eight episodes; consequently, 95 CEAN episodes were analyzed.
None of these patients received G-CSF for FN prophylaxis. All patients were prescribed polymyxin B sulfate daily and trimethoprim-sulfamethoxazole 2-3 days per week. Biweekly inhaled pentamidine isethionate was prescribed to patients who refused to take trimethoprim-sulfamethoxazole. Serum immunoglobulin G (IgG) was measured once a week, and i.v. immunoglobulin was used to maintain serum IgG >500 mg/dL.
Laboratory results for the prophylactic and non-prophylactic episodes are given in Table 3 , Figure 1 . When compared with non-prophylactic episodes, prophylactic episodes were associated with lower ANC and higher CRP elevation, which may have influenced decision to start broad-spectrum antibiotics for prophylaxis in these cases. The other laboratory parameters were similar between both groups.
In the prophylactic episodes, only two FN episodes occurred within 2-4 h after starting antibiotic prophylaxis; in contrast, 20 FN episodes were observed in the non-prophylactic episodes. The incidence of FN was significantly lower in the prophylactic episodes (6.7%) than in the non-prophylactic episodes (30.8%). Bacteremia was observed in a lower proportion of prophylactic episodes than non-prophylactic episodes, but the difference was not statistically significant (Table 4) . On multivariate multilevel regression modeling, broad-spectrum antibiotic prophylaxis, higher ANC, and lower elevation of CRP were independently associated with the lower occurrence of FN within 48 h after detection of CEAN (Table 5 ).
Adverse events of broad-spectrum antibiotic prophylaxis Table 6 lists the characteristics of prophylactic episodes (prophylactic use of broad-spectrum antibiotics) and non-prophylactic FN episodes (therapeutic use of broad-spectrum antibiotics after FN onset). We observed one incidence of bacteremia caused by an antibiotic-resistant organism (methicillin-resistant coagulase-negative staphylococci) in a prophylactic episode 100 h after the start of antibiotic treatment.
In the observation periods, which were a median 12 days (range, 4-28 days) in prophylactic episodes and median 11 days (range, 4-35 days) in non-prophylactic FN episodes, there were no significant differences in the duration of antibiotic treatment or the number of antibiotic changes between episodes, indicating a relatively small risk of adverse events arising from broad-spectrum antibiotic prophylaxis. 12 (4-28) 11 (4-35) † Broad-spectrum antibiotic use for prophylaxis of FN; ‡ without broad-spectrum antibiotic prophylaxis of FN. Observation was conducted from the start of antibiotics treatment to bone marrow function recovery (ANC >500 cell/l/L). FN, febrile neutropenia.
Discussion
Febrile neutropenia remains an unavoidable life-threatening complication associated with intensive chemotherapy, and many studies have been done on prediction of risk of severe bacterial infection at the onset of FN.
14 For this purpose, procalcitonin and interleukin-6 have been reported to be superior biomarkers compared with CRP. 15 Studies to predict FN onset itself, however, are rare. Sato et al. 16 examined the efficacy of high-sensitivity CRP measurement to predict the occurrence of an infectious event during neutropenia and shortly before the start of chemotherapy. In the present study, CRP concentration was elevated before FN onset. Next, we found that broadspectrum antibiotics were efficacious in the prevention of FN. To the best of our knowledge, this is the first report to demonstrate the clinical importance of CEAN as a predictor of FN and to propose a strategy for preventing FN.
C-reactive protein is a systemic marker of inflammation and tissue damage as well as of infection. 17 Elevation in CRP concentration may be indicative of some disease states that are risk factors for FN, such as subclinical infection, non-clinical mucositis, and other forms of tissue damage. Although the cause of CRP elevation could not be identified, CEAN was found to be a predictor of FN in the present study.
Prophylactic antibiotic regimens given during myelosuppressive chemotherapy have been shown to reduce mortality in adult cancer patients, including those with leukemia. 4 The indications for antibiotic prophylaxis, however, remain controversial, primarily due to the risk of fostering antibiotic resistance. 18, 19 In order to minimize the use of prophylactic antibiotics in chemotherapy, it is essential to accurately identify patients at high risk of developing infection. We showed the usefulness of CEAN in identifying patients at high risk of FN, and the initiation of antibiotic prophylaxis in such patients presents a useful prophylactic strategy. Although antibioticresistant bacteremia occurred in one patient with prophylactic broad-spectrum antibiotics, duration of antibiotics use and proportion of strategic failures were similar between prophylactic and non-prophylactic FN episodes. Therefore, the prophylactic use of broad-spectrum antibiotics would be acceptable for patients at high risk of FN.
The optimal cut-off for CRP elevation remains controversial. As a sensitivity analysis, we investigated an alternate cutoff of CRP elevation using 0.1 mg/dL. If the cut-off was increased from 0.05 to 0.1 mg/dL, prophylactic antibiotics would be unnecessary in 29 patients; in addition, the new criterion would identify an additional four episodes of FN and one episode of bacteremia. In the clinical setting, the cut-off of CRP elevation should be determined for each individual patient based on clinical course and other risk factors of FN, such as lower ANC.
Among the prophylactic episodes, two patients had developed FN just after completing blood tests and starting broadspectrum antibiotics (within 2-4 h after starting prophylaxis). The start of prophylaxis appeared to be too late to prevent the development of FN in these patients, indicating that this strategy may not be effective for all patients.
Limitations
There were several limitations to the study. First, patient data were collected retrospectively, and there is therefore the risk of selection bias. This bias is likely to decrease the apparent efficacy of the strategy because antibiotic treatment tended to be given to patients with more pronounced CEAN episodes (lower ANC and higher CRP elevation), indicative of a higher risk of developing FN. Although prophylaxis with broad-spectrum antibiotics reduced the occurrence of FN by approximately 20%, the efficacy of broad-spectrum antibiotics may actually be higher if they had also been given to patients with relatively lower risk of developing FN.
Second, we did not examine chest radiography or urinalysis for every FN episode. Although chest radiography is not routinely recommended for this condition, it may be recommended for specific patients (such as after a short course of antibiotics) despite an absence of signs indicating lower respiratory tract infection. 20 Moreover, urinalysis has also been reported to be useful for identifying the cause of FN. 21 Using these methods, the cause of FN may be identified in some of these episodes. Despite this, the proportion of FN occurrence in the prophylactic episodes (6.7%) was much lower than in non-prophylactic episodes (31%), suggesting that a large proportion of FN cases were caused by or associated with bacterial infection.
Third, although broad-spectrum antibiotics were associated with reduced FN incidence within 48 h of CEAN detection, eight patients with prophylactic episodes (26.7%) developed fever after the 48 h window, indicating a need to change antibiotics. The cause of these fevers could not be identified. Even if broad-spectrum antibiotics postpones FN onset, the patients would be at a lower risk of severe infection due to the additional time to allow for bone marrow function recovery. 22 Despite these limitations, this is the first report to describe the association between CEAN and FN onset, which has identified a new clinical role for high-sensitivity CRP measurement. Even though the present strategy may have external validity issues that could limit its use in other countries, the present findings may have applications for specific patients, such as those who have undergone bone marrow transplantation.
In conclusion, afebrile patients with neutropenia and elevated CRP are at higher risk of FN, and, depending on the case, physicians may consider the use of broad-spectrum antibiotics to prevent the development of FN.
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